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Conclusion 
The cathode performance in the solid electrolyte cells 
containing manganese dioxide depends on two factors. 
One is the macroscopic factor, i.e., the uniformity of dis- 
persion or the degree of distribution of manganese dioxide 
in the cathode mixture. The degree of distribution of the 
components i related to the grain shape, average grain 
size, grain size distribution, density, and specific volume. 
If the mixing of the component powders is well done, the 
operative contact area will be achieved appropriately. The 
distribution of the cathode components was achieved in 
the CMD-C-X system more uniformly than in the 
EMD-C-X system. 
The other subject on manganese dioxide is the micro- 
scopic factor with regard to the crystal structure, adsorbed 
and structural water, surface area, average pore volume, 
and average pore diameter. However, differing from the 
liquid-type batteries, the surface area, pore volume, and 
pore diameter appear not to influence the cathode per- 
formance of the solid state cells so much. The thermal 
treatment of the EMD indicated that the grain of higher 
crystallinity was superior to the grain of lower crystallinity 
and that the 7 phase was better than the ~ phase. 
The discharge performance of the solid electrolyte cell 
with the CMD was better than that of the cell with the 
EMD. The discharge mechanism of the manganese diox- 
ide cathode is regarded as similar to the discharge mecha- 
nism in Leclanch~ dry cells. The discharge reaction or the 
electrochemical reduction of manganese dioxide in the 
mixed-phase cathode is a one-phase reaction, and the 
mechanism is the double injection of copper (I) ions and 
electrons into the lattice of manganese dioxide. In this 
study, the rechargeability of the solid electrolyte cells was 
briefly tested to reveal rather low reversibility of the cop- 
per (I) ion intercalation i to and from manganese dioxide. 
The study on the rechargeable c lls with oxide cathodes is 
in progress. 
Manuscript ~submitted Feb. 8, 1988; revised manuscript 
received June 23, 1988. 
Nagoya University assisted in meeting the publication 
costs of this article. 
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Conductivity of Thionyl Chloride-Lithium Tetrachloroaluminate 
Solutions 
R. W. Berg, H. A. Hjuler,* A. P. L. S~ndergaard, and N. J. Bjerrum 
Molten Salts Group, Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby, Denmark 
ABSTRACT 
The specific conductivity of solutions of LiA1C14 dissolved in SOC12 was determined as a function of composition and 
temperature. An analytical expression from which the conductivity can be calculated is given as a function of the mole 
fraction of LiA1C14 and temperature in the ranges from 0 ~ to 0.37~ and from -20 ~ to +70~ respectively. 
LiAIC14-SOC14 mixtures are used commercially as elec- 
trolytes in lithium batteries (1). 
Thionyl chloride itself has a low melting point 
( -  104.5~ a low vapor pressure (ca. 15 kPa at 25~ a high 
boiling point (77~ but a low electrical conductivity (ca. 
3.5 - 10 -9 S cm -~ at room temperature). To be useful in a 
battery, salts must be dissolved in the SOC12. One common 
choice of such a salt with a large solubility in thionyl chlo- 
ride is LiA1C14. However, the conductivities of these solu- 
tions are only approximately known (1-8). 
We decided to check and extend the available conductiv- 
ity data. Apparently at all temperatures studied in the liter- 
* Electrochemical Society Active Member. 
ature there is an optimum concentration of LiA1C14 for 
maximum conductivity. 
During the present work we found the position of this 
maximum conductivity and derived an analytical expres- 
sion from which the specific conductivity of any LiA1C14- 
SOC12 solution can be calculated with a high degree of pre- 
cision. 
The high conductivity of LiA1C14-SOC12 solutions com- 
pared with other lithium inorganic room temperature elec- 
trolytes was pointed out by Auborn and co-workers (2), 
who reported among other things the conductivity as a 
function of concentration ofLiA1C14 in SOC12 up to 2.0M at 
25~ They found that a maximum conductivity of 8.0204 S 
cm -1 was reached in ca. 1.7M solution. Very dilute solu- 
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tions of LiA1CI4 in SOC12 have also been studied by others 
(3). 
The combined temperature and concentration depend- 
ences of the conductivity, density, and viscosity were 
studied extensively by Venkatasetty and Szpak (5-7). In 
these works, conductivities are reported as a function of 
concentration. 
Because of volume changes, concentration itself is a 
function of temperature. This function has only been re- 
ported indirectly in density vs. temperature r lations at 
certain concentrations. In our estimation this is not ade- 
quate. Either a solution must be prepared at the tempera- 
ture in question or a correction procedure is required. This 
procedure, involving knowledge of concentration changes 
cannot be easily performed because the previous authors 
(5-7) have not supplied the data required nor described ex- 
actly how they obtained their corrected concentrations. 
Without corrections, only limited accuracies can be at- 
tained. To allow for high precision and simple calculations 
A 
B 
C 
D 
Fig. 1.'Conductivity cell made of Pyrex glass: (A) conical joint, (B) 
Teflon stopcock, (C) capillary tube (0.1 mm ~ 9 20 mm) between cell 
compartments, (D) vitreous carbon electrode (3 mm ~, from Carbone- 
Loraine, baked and sealed into the glass). 
we derived an analytical expression based on mole frac- 
tion and temperature asindependent parameters. 
Experimental 
Because of the moisture sensitivity of the chemicals, all 
manipulations involving compounds were carried out in a 
glove box with dry air atmosphere (dew point <-45~ 
Conductivity cells were only taken out of the glove box 
after being securely closed. 
Chemicats.~Thionyl chloride from Fluka (puriss. 
SO2C12 < 0.03%; SC12 < 0.03%) was refluxed (in the glove 
box) for several hours in contact with cleaned, granulated 
lithium metal of the highest available purity. During this 
cleaning operation, the conductivity of SOC12 at 25~ 
dropped from 141 9 10 `9 to 43 9 10 -9 S cm ' and the liquid be- 
came faintly yellow, presumably due to traces of sulfur 
containing compounds. By subsequent distillation over 
fresh P205 and discarding the first yellow fraction (50% of 
total), it was possible to obtain a small amount of SOCI~ 
distillate having no color and a room temperature conduc- 
tivity of 11.3 9 10 -9 S cm -I. In the LiAIC]4-SOC12 experi- 
ments reported here, only the refluxed SOC12 was used be- 
cause the amount of charge carrying impurities already in 
this first batch was insignificant in comparison with the 
added solutes. 
Lithium tetrachloroaluminate was made by mixing (at 
175~ over night in a rocking furnace) equimolar amounts 
of LiC1 and A1C13 in a cell sealed under vacuum. LiC1 (pro 
analysis from Riedel-de Haen) was purified in the molten 
state in a quartz apparatus by flushing with dry, pure HC1 
gas, by filtering and then by recrystallization in an N2 gas 
atmosphere. Titration of C1- by the Volhard method 
showed no significant deviation from the theoretical C1- 
content. A1C13, anhydrous, p.a. was obtained from Fluka 
and distilled several times in sealed cells, as described 
elsewhere (9). 
Conductivity cells.--Four conductivity cells, A-D, made 
from Pyrex glass in a manner as described in detail in Ref. 
(10) (depicted in Fig. 1) were used for the determinations. 
Cell constants (of the order 100-400 cm -1) were determined 
at 25.0~ by the standard method (11) using 0.1000 Demal 
aqueous KC1 solutions made by weight from analyzed ry 
KC1 and distilled water. Corrections for temperature ex- 
pansion of the Pyrex cell was omitted since it never ex- 
ceeded 0.03%. Weighed amounts of LiA1C14 were trans- 
ferred to rinsed and dried cells. Thionyl chloride was then 
added by means of a calibrated pipette. Experimental de- 
tails are given in Table I. In some experiments further 
chemicals were added to the cells (in the glove box) by 
opening stopcocks and introducing specified amounts of 
materials and of A1CI.~. 
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Fig. 2. Specific conductivity (K) of LiAICI4-SOCI2 solutions vs. mole 
fraction X of LiAICI4 at different temperatures. (K, X) data were inter- 
polated as explained in the text and are connected by smooth curves. 
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Table I. Experimental details for conductivity experiments 
325 
AIC13 Approximate 
LiA1C14 ~ weight sac12 volume weight concentration ~ of 
(g) (cm 3) (g) Approximate density ~ LiA1C14 at 25~ 
CelP Experiment b • 0.001 • 0.05 XaiAlCa d (X 0.001) X'AIC13 at 25~ (real/liter) 
A 1 0.883 10.00 0.0354 - -  0.500 1.665 0.485 
A 2 2.158 5.00 0.1520 - -  0.500 1.734 2.08 
A 2* 4.026 7.00 0.1929 - -  0.500 1.76 2.64 
A 3 5.740 4.00 0.3735 - -  0.500 1.87 5.1 
A 4 0.450 5.00 0.0361 - -  0.500 1.665 0.495 
B 1 0.938 5.00 0.0723 - -  0.500 1.687 0.991 
B 1" 2.159 7.00 0.1136 - -  0.500 1.711 1.556 
B 2 2.946 4.00 0.2343 - -  0.500 1.78 3.2 
B 2* 5.746 5.00 0.3232 - -  0.500 1.84 4.4 
B 3 0.186 5.00 0.0152 - -  0.500 1.653 0.21 
C 1 3.718 10.00 0.1338 - -  0.500 1.72 1.83 
C 1" 3.718 10.00 - -  0.055 0.505 1.72 1.8 
C 1"* 3.718 10.00 - -  0.482 0.539 1.72 1.8 
D 1 1.031 11.00 -0.0375 ~0.004 0.501 1.67 0.51 
D 1" 1.031 11.00 - -  0.025 0.508 1.67 0.5 
D 1"* 1.031 11.00 - -  0.143 0.542 1.67 0.5 
aThe cell constants of the four cells were A = 345.4, B = 113.3, C = 226.9, and D = 211.9 cm -1. 
ban asterisk indicates that the experiment was performed by adding chemicals to the previous experiment. Cumulative amounts  are 
given. 
CThe LiA1C14 was actually made by mixing LiC1 and A1C13 such that there was a small excess of LiC1 (0.66 mg LiC1 per gram salt). This 
was neglected in the calculations. 
aThe mole fraction XL~lCt4 was calculated from the number  of moles of LiA1C14 and SOC12 using a thionyl chloride density of 1.630 g 
cm -3 at 25~ 
~Obtained by calculation, using data from Ref. (5), see Appendix. At concentrations above 1.5M, the accuracy is low (extrapolation). 
Measurements . - -Conduct iv i ty  measurements  were  done  
outs ide  o f  the  g love  box ,  af ter  a l low ing  su f f i c ient  t ime to 
e lapse  for  compounds  to d i sso lve  and  temperature  qu i l ib -  
r ium to be  es tab l i shed .  Bet ter  than  _+ 0.2~ temperature  
cont ro l  was  obta ined  by  p lac ing  the  cel ls  in a re f r igerator  
(at -20~ in  a we l l - s t i r red  ice water  bath  (at 0~ and  in  a 
we l l - s t i r red  paraf f in -o i l  bath ,  thermostated  at ca. 25 ~ 45 ~ 
and  70~ Temperatures  were  measured  w i th  a 100 f l  P t  re- 
s i s tance  thermometer  to a p rec i s ion  bet ter  than  0.1~ Fi- 
na l ly ,  cel l  res i s tances  (R) w i th in  a 0.03% re lat ive  prec i s ion  
were  determined  by  means  o f  a p rec i s ion  ac -Wheats tone  
br idge  (10) us ing  a 2 kHz  and  0.2V ampl i tude  s ignal .  The  
resu l t s  were  la rge ly  independent  o f  the  app l ied  f requency  
and  vo l tage.  
General  cons iderat ions . - -By  def in i t ion  the  e lectr ica l  
conductance  is the  rec ip roca l  o f  the  res i s tance .  The  spec i -  
fic conduct iv i ty  is repor ted  as K = I/(R. A),  where  I is length  
in  cm and  A is c ross -sect iona l  a rea  in cm 2. In  conduct iv i ty  
cel ls,  the  rat io I/A, the  so -ca l led  cel l  constant  was  obta ined  
by  the  ca l ib ra t ion  procedure  (11). 
The  concent ra t ions  are  g iven  by  mole  f rac t ions  de f ined  
in  the  fo l low ing  way:  XLiAIC14 = nLiA]ClJ(naiAiCl 4 + nSOCl2) and 
X'AiC]3 = (nA]Cl3 + nLiAJCh)/(nAlC13 + 2nL~AiCh), where  n is the  
number  o f  mo les  o f  the  index  compound.  X '  is the  in terna l  
'5 
B _r 
5 g 
w 
r 
,'7 
D 
O 
bJ 
(3_ 
U3 
0.0/, I I I I I I 
x C-1  
A c-1"~ 
o C-I  ~ 
1.8M Li AICI 4 
i i i i:. 
0.5M L iA IC I  4 
..r ~_ ,'D +- - - . - - - - - - . . L~ - -~ ib - -  
0.03 
0.02 
0.01 
0.0 I I I I I I 
- 20 0 20 49 60 80 
TEMPERATURE ('C) 
Fig. 3. Specific conductivity vs. temperature for 0.5M and ].SM 
LiAICI4 solutions in SOCIz, to which various amounts of AICI3 have 
been added. Experiment numbers refer to Table II and Itl. 
mole  f rac t ion  o f  the  sa l ts  added,  exc lud ing  the  SOCI2 
so lvent .  
Results and Discussion 
The  conduct iv i t ies  for our  approx imate ly  equ imolar  
LiC1-A1C13 in th iony l  ch lo r ide  so lu t ions  are g iven  in Tab le  
I I  and  shown in  Fig.  2. S ince  the  exper imenta l  data  po in ts  
were  not  measured  at a temperature  o f  exact ly  -20  ~ 0 ~ 25 ~ 
45 ~ or  70~ smal l  ad jus tments  in ~ were  done  to compen-  
sa te  for th is .  These  cor rec t ions  were  per fo rmed by  means  
o f  a smooth  curve  in terpo la t ion  techn ique .  I t  is c lear ly  
seen  f rom Fig. 2 that  (i) the  conduct iv i ty  o f  a g iven  so lu t ion  
inc reases  marked ly  w i th  temperature  and  (ii) a max imum 
in conduct iv i ty  vs. XLiA,C14 is found  at each  temperature .  
Th is  max imum is sh i f ted  towards  more  concent ra ted  so lu-  
t ions  for h igher  temperatures .  The  occur rence  o f  such  a 
max imum is a we l l -es tab l i shed  phenomenon in e lectro-  
ly tes  (8, 12). A tentat ive  exp lanat ion  is g iven  as fo l lows.  
In  d i lu te  so lu t ions ,  the  L i  + ions  move ra ther  f ree ly  and  
car ry  most  o f  the  cur rent .  Hence ,  the  more  Li  § p resent ,  the  
h igher  the  conduct iv i ty .  In  concent ra ted  so lu t ions ,  some 
E 
f.-- 
(.3 
[:) 
t"", 
Z 
O 
tO 
E 
ILl 
13.. 
U3 
0.03 
0.02 
0.01 
0.00 
i I I I I 
L, Auborn et at. 
u Dey and Miller 
+ Venkatasetty and 
Saathoff 
. ~  o This work o\ 
,7 O~o_  
/ o 
/ ~ 
l ? 
§ 
P 
1 2 3 4 5 
LiAICI4 CONCENTRATION {mol I_ -1) 
Fig. 4. Experimental conductivity of LiAICl4-SOCI~ solutions at 25~ 
vs.  molar concentration. 
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Table II. Specific conductivity of LiAICI4-SOCI2 solutions ~ 
Cell experiment XLiAICI4 
Approximate 
concentration Conductivity 
(25~ Temp. K- 103 
moYliter (~ S cm -~ 
B~3 0.0152 0.208 - 18.7 2.38 
- 1.05 2.408 
23.1 2.194 
45.6 1.884 
70.3 1.548 
A-1 0.0354 0.485 -19.0 6.08 
0.0 6.98 
22.2 6.92 
47.0 6.59 
74.7 5.98 
A-4 0.0361 0.495 - 18.7 6.15 
-0.94 6.908 
23.1 7.097 
45.5 6.95 
70.8 6,32 
B-1 0.0723 0.991 - 19.0 10,42 
0.0 13,11 
22.2 14.58 
47.0 15.60 
74.7 15.96 
B-l* 0.1136 1.556 - 18.9 11.71 
0.0 15.53 
23.6 19.56 
44.4 22.16 
69.8 24.43 
C-1 0.1338 1.83 -18.1 12.00 
-11.0 13.73 
1.35 16.61 
24.5 21.58 
44.6 25.04 
70.5 28.58 
A-2 0.1520 2.08 - 18.9 10.92 
0.0 15.69 
22.6 21.17 
45.2 25.95 
70.5 30.17 
A-2* 0.1929 2.64 -19.4 8.82 
-0.46 14.06 
21.7 19.98 
21.8 20.18 
46.2 26.54 
44.0 26.19 
71.1 32.69 
70.7 32.59 
B-2 0.2343 3.2 - 19.4 6.87 
-0.46 11.58 
21.8 17.94 
46.2 25.20 
71.1 32.79 
B-2* 0.3232 4.4 - 18.9 3.81 
-0.15 7.57 
22.1 13.70 
45.5 21.68 
68.0 30.30 
A-3 0.3735 5.1 - 18.9 2.76 
-0.62 6.18 
21.1 12.04 
45.0 20.10 
68.0 29.63 
aSymbols are explained in Table I. 
l imitat ions on l i th ium ion movement  exist, and in h igher  
concent rat ions  the l iquid is more  viscous.  These  two ef- 
fects lead to a conduct iv i ty  max imum.  We feel it is reason-  
able that  the  max imum in conduct iv i ty  as a funct ion  of 
concent rat ion  occurs  at a lower concentrat ion  at low 
temperatures ,  asobserved.  Another  effect wh ich  may lead 
to a max imum in conduct iv i ty  is a complex  or adduct  for- 
mat ion  between Li § A1C14 , and SOC12. Such  complexes  
have  been found  in the NaA1C14-POC13 sys tem (13). 
The  resul ts  g iven in Table II refer to approx imate ly  stoi- 
ch iometr ic  LiA1C14. Actual ly,  the  LiA1C14 used  was sl ightly 
basic due  to a s l ight excess  of LiC1 (see Table I). 
To s tudy  the effect of  the acidity (X'A~Cl3 > 0.5) on the con- 
ductivity,  success ive  quant i t ies  of A1Cl~ were added in two 
of  the exper iments  (C-1 and  D-l ,  Table I). The resul t ing 
conduct iv i t ies  are g iven in Table III and depicted in Fig. 3. 
When a luminum chloride was added to so lut ions con- 
ta in ing a low concentrat ion  of LiA1C14 (ca. 0.5M), the  con- 
duct iv i ty  remained  unchanged or increased sl ightly. How- 
ever, addi t ion of a luminum chlor ide to about  1.8M LiA1C14 
caused  the conduct iv i ty  to decrease.  In v iew of the com- 
plexi ty of the prob lem (i.e., acid/base react ions,  adduct  for- 
mat ion,  complex  formation,  etc.) an exp lanat ion  of th is  
part icular  behavior  cannot  be g iven at the moment .  
Our  conduct iv i t ies  are compared  to the resul ts  of the  lit- 
erature (2, 5, 8) as shown in Fig. 4. We can only compare  re- 
su l ts  obta ined at 25~ because  we do not  know our  concen-  
trat ions at other temperatures .  Unfor tunate ly ,  Dey and 
Miller (8) p resented  their  resul ts  in a very  restr icted way  so 
we are unab le  to d iscuss  why  they seem to have  obta ined 
somewhat  lower conduct iv i t ies  than  we have (Fig. 4). Oth- 
erwise, the agreement  between our resul ts  and  the litera- 
ture  is qui te  good. At h igher  concentrat ions,  Venkataset ty  
and  Szpak (6) give equat ions  for the conduct iv i ty  for solu- 
t ions wh ich  also conta in  0.5M disso lved SO2 and 0.15M sul- 
fur; see their  Tables II, IV, and VI (6). Us ing  their  equa- 
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Table III. Specific conductivity of slightly acidic (AICI3-excessive) LiAICI4-SOCI~ solutions ~ 
327 
Approximate Conductivity 
Cell concentration Temperature K. 103 
exper iment  XLiA1CI4 X'~ac,3 moYliter ~ S cm -I 
D-1 0.0375 0.5011 0.51 -19.8 6.44 
27.6 7.54 
70.6 6.78 
D-I* -0.0375 0.508 0.5 - 18.2 6.51 
- 11.0 6.94 
1.4 7.35 
24.5 7.59 
45.2 7.37 
72.1 6.82 
D-l** -0.0375 0.542 0.5 -19.9 6.43 
0.0 7.37 
23.7 7.74 
45.4 7.55 
70.9 7.05 
C-l* -0.0375 0.505 1.8 -20.1 11.08 
23.7 21.18 
45.3 24.90 
70.9 28.33 
C-1"* -0.0375 0.539 1.8 -23.8 10.86 
0.0 14.66 
23.3 19.75 
44.9 23.58 
71.0 27.25 
aSymbols are explained in Table I. 
t ions for CLicl = CAlcl 3 at 20~ and neglect ing the presence 
of SO2 and sulfur yields good agreement  with our work. At 
other temperatures,  where the unknown contract ion or ex- 
pansion of solutions makes compar ison more dubious, 
good consistency is still obtained (in general better than a 
few percent). 
Expression for Calculating the Conductivity 
The exper imenta l  data in Table II were used to derive an 
empir ical  express ion from which the conduct iv i ty can be 
calculated as a funct ion of composi t ion (X = XLiAlC14) and 
temperature  (T, degrees Kelvin). The data were fitted to 
empir ical  power  series like Eq. [1] by means of standard 
Table IV. Analytical expression fitting the specific conductivity data 
in Table II better than 1.0 - 10 -3 S cm -I~ 
l nK=A+B 
in X 
+ C- -  + D lnX+ E(T -  303.15) 2 
T T 
A = 5.734 _+ 0.1 
B = -240.13 +_ 9.6 (K) 
C = -3744.435 ~ 46 (K) 
D = 3.286 • 0.05 
E = (-7.033 +_ 0.84). 10 -5 (K -2) 
X ~ XLiAlCl4 
T = absolute temperature 
aThe coefficient of determination (13), R 2, which is 1.0 for a per- 
fect fit, is 0.99586. 
bStandard deviation on In K is 0.05. 
0.0/* 
0.03 
Ic., 
0.02 
0.01 
70 
^LiAICI 4 
Fig. 5. Calculated conductivity of LiAICI4-SOCIz solutions. The X, T 
(in ~ positions of the experimental observations are indicated on the 
surface calculated from the polynomial expression of K (Table IV), see 
also Fig. 2. 
least squares regression methods  (14). A-H are adjustable 
coefficients in Eq. [1] 
K = A + BT  + CT  2 + DX+ EX 2 + FX  z + GTX + HTX 2 
[1] 
These results were not particularly convincing and even 
the inclusion of terms, e.g.,  in X u2, X 3/2, TX ~2, and X in X did 
not improve the fit very much. We then tried to fit In K to a 
power  series. By trial and error we finally obtained the ex- 
press ion of Eq. [2], which successful ly descr ibes the meas- 
ured data and has relatively few adjustable parameters  
(A-E) .  The values of the parameters obtained for Eq. [2] and 
other details are given in Table IV 
in X V~ 
lnK=A+B +C +DlnX+E(T-303 .15)  e [2] 
T T 
A three-dimensional  representat ion f Eq. [2] is shown in 
Fig. 5. The max imum in conduct iv ity and its shift with 
temperature  can easily be seen. 
At the present  it is not possible to provide a detai led ex- 
planation for the behavior of the conduct iv ity in the sys- 
tem studied here. Several chemical  equil ibria may be in- 
volved dur ing changes in temperatures  and composit ions.  
Recent  Raman spectroscopic work may help to better un- 
derstand the situation (15). 
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Table A-I. Concentration, density, and mole fraction of LiAICI4-SOCI2 
solutions at 25~ based on the experiment of Venkatasetty and 
Saathoff (5) 
Concentration Density 
(mol/liter) (g/cm ~) XLiAIC14 a 
0.00249 1.6438 0.00018 
0.00997 1.6443 0.00072 
0.03046 1.6451 0.00220 
0.04985 1.64599 0.00360 
0.0997 1.64820 0.00722 
0.200 1.6525 0.01450 
0.35 1.65903 0.02540 
0.50 1.66555 0.03633 
0.65 1.67206 0.04729 
0.75 1.6764 0.054395 
0.90 1.68293 0.06561 
1.00 1.68727 0.07296 
1.50 1,7090 0.109895 
aCalculated by iteration as explained in the text. 
Ib Henriksens Fond are thanked for providing the finan- 
cial basis of this work. 
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received June 28, t988. 
Note added in proof: Recent measurements (16) agree 
well with our measurements also at high concentrations. 
APPENDIX  
To facilitate comparisons with the literature, data given 
by Venkatasetty and Saathoff (5) for the density of the 
SOC12 solution vs. the molar LiA1C14 concentrat ion have 
been used to estimate approximate concentrations. The 
calculations were based on their data points (see Table 
A-I), using an iterative method. We assumed p grams of 
LiA1C14 per mole of SOC12. Thus, p = C. 175.732 (118.9894 + 
p)/1000 9 p, where C is the molar LiA1C14 concentration, p is 
the density, and the numbers shown are the molar masses 
of LiA1C14 and SOC12. From p values calculated iteratively, 
the molar fraction of LiA1Ch is easily obtained for each of 
the given concentrations. Then the C and p data were 
treated by regression vs .  XLiAIC] 4 to give l inear de- 
pendencies 
(C • 0.0025) = (13.7007 • 0.0143) 9 XLiAlC14 (R ~ = 0.999987) 
and 
(p +_ 0.0001) = (0.594484 • 0.000934). XLjAlCI4 
+ (1.64388 --+ 0.00004) (R 2 = 0.99997) 
These lines are valid in the range 0 < XLIA~C14 < 0.11, 0 < C 
< 1.50 mol/liter and 1.64 < p < 1.71 g/cm ~ and at 25~ At 
higher concentrations l inear extrapolation cannot be done 
with confidence. Therefore the concentrations in Table II 
are shown with few digits. 
It should be noted that the equation for the density does 
not extrapolate to the generally accepted room tempera- 
ture value 1.629 g/cm 3 for SOC12 (17). 
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A Mathematical Model of a Lithium/Thionyl Chloride 
Primary Cell 
T. I. Evans,* T. V. Nguyen,* and R. E. White** 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 
ABSTRACT 
A one-dimensional mathematical  model  for the l i thium/thionyl chloride, pr imary cell has been developed to investi- 
gate methods of improving its performance and safety. The model  includes many of the components of a typical l i thium/ 
thionyl chloride cell such as the porous l i thium chloride film which forms on the l i thium anode surface. The governing 
equations are formulated from fundamental  conservation laws using porous electrode theory and concentrated solution 
theory. The model  is used to predict one-dimensional, t ime dependent  profiles of concentration, porosity, current, and po- 
tential as well  as cell temperature and voltage. When a certain discharge rate is required, the model  can be used to deter- 
mine the design criteria and operating variables which yield high cell capacities. Model predictions can be used to estab- 
lish operational and design l imits within which the thermal  runaway problem, inherent in these cells, can be avoided. 
The l i thium/thionyl chloride (Li/SOC12) cell is an attrac- 
t ive primary energy source because of its high energy den- 
sity (1, 2). However,  researchers have observed that the 
Li/SOCI~ cell is a serious safety hazard under certain con- 
ditions (2). High discharge rates and high temperatures 
promote thermal runaway which can result in the venting 
*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
of toxic gases and explosion. A mathematical  model  of this 
battery has been developed to investigate the operational 
and design characteristics which can be adjusted to yield 
efficient, yet acceptably safe Li/SOC12 cells. 
Description of a Li/SOClz Cell 
The model  describes the Li/SOCI~ cell i l lustrated in 
Fig. 1. The four cell regions are the l i thium chloride (LiC1) 
film which forms on the anode surface, the separator (usu- 
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